INTRODUCTION
MATERNAL effects on adult size have been reported in several specie& of mammal (Walton and Hammond, 1938; Hunter, 1956; Joubert and Hammond, 1958; Brumby, ig6o) . Their existence in birds is less certain, partly because the male (homogametic sex) is more troublesome to keep, and economically less useful, than the female. Reports on reciprocal crosses in birds have usually been confined to the female sex, where sex-linkage may mask the possible existence of true maternal effects. Yao (1961) found evidence of maternal effects on jo-week body weight in two out of three sets of diallel crosses between inbred lines of fowl, but the effects on adult weight were insignificant. Maw (i) and Godfrey (i) found evidence of a major sex-linked gene affecting adult size in crosses between bantams and large breeds, and Hutt (1959) found a sex-linked dwarfing gene segregating in New Hampshires. Warren and Moore (1956) and Hutt (1962) have reported differences in adult mortality rates in reciprocal crosses between Leghorns and heavy breeds; the difference in mortality appears to be dependent on broodiness, which is well known to be inherited in a sex-linked manner. However, Moultrie, King and Cottier (i) reported a difference in adult mortality rates (particularly from visceral lymphomatosis) in reciprocal crosses between two strains of White Leghorn, whose direction suggests a maternal effect, rather than sex-linkage. Allen (1962) examined this matter in more detail, using repeated backcrosses, and came to the conclusion that the difference was due to an inherited factor (a "plasmon ") transmitted only through the mother. Since female offspring only were compared, the possibility that Allen's results were due to a Y-chromosomal effect cannot be excluded. Cytological evidence as to the existence or non-existence of a Y-chromosome in fowls is inconclusive. Because of uncertainty as to the number of autosomes (see van Brink, 1959 ) the only critical material would be meiosis in the female, which has been studied only by Miller (1938) , who found no evidence of a Y-chromosome.
Variance analyses within strains, carried out in association with the 337 estimation of heritability, provide the other possible source of evidence of maternal effects and sex-linkage in birds, usually through the comparison of sire and dam components of variance (S and D).
There are a number of difficulties in interpreting evidence of this kind: (i) It is usually not possible, from the published data, to determine the statistical significance of differences between S and D.
(ii) If female offspring only are considered, of the (additive) sex-linked variance will appear in S, and none in D, but in male offspring will appear in S and in D (Thomas, Blow, Cockerham and Glazener, 1958) . There is no dosage compensation of sex-linked genes in the fowl (Munro, 1946; Cock, 1953; Siegel, Mueller and Craig, 1957) , so that gene effects will generally be equal in the two sexes, and the sex-linked variance will then be twice as great in males as in females. In some studies, sex of offspring has been ignored (after applying a correction for the mean sex-difference); this should therefore yield S and D each containing j of the sex-linked variance.
(iii) D will contain the whole of the variance due to maternal and Y-chromosomal effects. In the usual hierarchical (females within males) mating scheme, D will also contain fractions of the variances due to autosomal dominance and epistatic effects, whereas S will contain no dominance variance, and small fractions only of certain types of epistatic variance (Kempthorne, 1957, pp. 421-423) . Critical evidence can therefore come only from diallel matings, where S and D are equally constituted for all types of autosomal variance.
(iv) S >D in female offspring will indicate sex-linkage unambiguously, but it will not necessarily mean that maternal effects are absent; merely that, if present, they are smaller than those due to sex-linkage. Similarly, D >S does not necessarily mean that sexlinked effects are absent.
If, to these difficulties of interpretation, are added the variety of breeds and strains used, characters measured and environmental conditions found in the work of different investigators, it is perhaps not surprising that no clear overall picture of sex-linked and maternal effects can be discerned. In some instances, e.g. Brunson, and Goodman and Jaap (1960) , the pattern of results within a single investigation is difficult to account for in view of point (ii) above. In other instances there is good agreement both within and between investigations, e.g. between El-Ibiary and Shaffner (1951), Hurry and Nordskog (1953), Wyatt (1954) , Peeler, Glazener and Blow Goodman and Godfrey (1956) , Hale (1961) and Siegel (1962) (all using hierarchical matings) that D >S for body weight at various juvenile ages. But even here, the conclusion that may be drawn-that sex-linkage is probably unimportant compared to other effects-is strictly limited. There are, on the other hand, investigations of this kind which clearly indicate sex-linked effects: by Thomas, Blow, Cockerham and Glazener (1958) for 8-and jo-week body weight; by Jerome, Henderson and King (1956) for adult body weight, and by Lerner and Cruden (1951) and Osborne (1954) for egg weight. The only evidence for maternal effects on characters of the adult which is at all critical appears to be that of Hazel and Lamoreux (1947) for 22-week body weight.
The results presented here for a particular pair of inbred lines show, separated from a sex-linked effect on conformation, a maternal effect on body weight that persists throughout the life of the bird.
MATERIALS AND METHODS
The inbred lines from which the data derive have been produced by regular full-sib mating (Pease and Dudley, 5954) ; by 1956 the C line had undergone 23 consecutive generations of full-sib mating, and the I line (with some early (i a) A sub-population of (z), but with males included and some surplus I and Cx I omitted.
(2) F females only, bred and reared at the Northern Poultry Breeding Station (3) Inbred females only, bred and reared at Reaseheath, 1946-55. () F1s and 3-way crosses, both sexes, bred and housed at Reaseheath, 1958. () F1s and F2s, both sexes, bred and housed at the School of Agriculture, Cambridge, 1959 . One or more of the following measurements have been made on each population. Body weight, measured at stated fixed ages or, in females, at the time at which each individual lays its first egg. Where, as in populations (z), (2) and (3), weight at first egg is used, comparisons of age at first egg are also given. In population (3), weight at the end of the first laying year is given ; this is 308 days after each individual lays its first egg. In other populations the laying year ends at 490 days of age. Tarsometatarsal length and width (mean of right and left sides), measured on the dried bones of females killed at 490 days of age. Length was measured with paralleljaw vernier calipers to o' mm., as the distance between the furthest points of the central proximal condyle and the outer condyle of the middle digit. Width was measured with a vernier micrometer to 005 mm., as the maximum (transverse) diameter at a point half-way along the bone.
Shank length (mean of right and left sides) was measured on live birds with paralleljaw vernier calipers to o • I mm., in the manner described by Cock (1963) . Anatomically, this measurement includes tarsometatarsal length, plus the thickness of the distal end of the tibiotarsus and the overlying soft tissues.
Egg weight; this is the mean weight of the eggs laid by an individual during the entire first laying year, or during some specified shorter period.
All the populations consist of several hatches, and populations (2) and () extend over several years ; the distribution of numbers in different hatches is nonorthogonal, sometimes severely so. All the variables are subject to hatch effects, so that exact estimates of the genotype and hatch differences demand an analysis by the method of fitting constants (Snedecor, 1946, p. 296) , the validity of which will depend on the genotype-hatch interaction being negligible. Analyses of this kind have been carried out on population (i), but in all other populations comparisons have been restricted to two groups at a time, thus enabling the simpler method of the weighted mean difference (Snedecor, 1946, p. 289) to be used to eliminate hatch effects. The sexes were generally reared separately, and so require separate analyses.
RESULTS
The existence of a reciprocal difference was first noted in population (i a); I >< C females were found to be heavier than C x I at all ages from hatching to 20 weeks and beyond. The difference at 20 weeks is 93'9 I 8 '3 g., or 7.I per Cent, of the mean weight of C x I; the percentage difference remains approximately constant at different ages. In males, however, the difference is small and insignificant (19'9±19'g g. at 20 weeks, or O'9 per cent. of Cxl). The results for females were confirmed with larger numbers in populations (i) and (2): see tables i and 2. Population (2) is particularly convincing; the data cover 26 hatches spread over 4 years, and the I x C-C x I difference in weight at first egg is positive in every hatch; the weighted mean difference agrees well with that derived from population (Ia). There is a significant difference in age at first egg, but this is far too small to have an appreciable effect on the body weight.
At first sight it appears in population (2) that by 490 days of age the reciprocal difference in weight has been reduced to little more than half its value at first egg. However, the two populations are not based on the same number of birds, since some died during the laying year. In addition, a few birds actually lost weight during the laying year; these presumably were in poor health or undergoing a moult when weighed at 490 days. If birds dying or losing weight are omitted throughout, the weighted mean differences become 1276 g. (at first egg) and 122•2 g. (at 490 days). An interesting peculiarity of population (2) is the existence of a significant genotype x hatch interaction in number of eggs laid. Most of this interaction is due to an effect of late versus early hatches on the reciprocal difference. If hatched before 20th March, CxIs average 19'5 eggs more than contemporary I x Cs; if hatched after that date, they average only 3'I eggs more. An examination of individual laying records shows that this interaction is due to a greater tendency for I x C birds to undergo a partial moult at the end of autumn, with a consequent gap in egg-production (the so-called "winter pause "). In late hatches the birds have just come into lay at the critical season, and few birds of either cross undergo a winter pause.
Several other pairs of reciprocal F1 crosses were included in population (2); the results from these are shown in table 3. These data afford four indirect estimates of the I x C-C x I difference; two of these (via W and P) agree well with the direct estimate; the other two agree less well, but it must be remembered that all these indirect estimates are subject to large standard errors.
The rather scanty data on the C line in population (i) have been augmented by data from population (3) (table 4). The difference in weight at first egg between C and I is only about twice as great as the difference between reciprocal F1 females; by this standard the reciprocal difference is a very large one. The figures in table 4 are unweighted averages of yearly means, as there is for all characters a significant year x line interaction (possibly due to uneven distribution of the lines between hatches within years). The data so far, in that they show a reciprocal difference in females but not in males, suggest sex-linkage rather than a maternal effect. Population consisting of F1s and crosses of the F1 females to a third line (W), was produced to enlarge the F1 data, and to show whether the gene or genes for increased size were carried on the X-chromosome of the smaller I line, or, as the evidence for the absence of a Y-chromosome in fowls is inconclusive, on the Y-chromosome of the C line. The effects estimated by the different comparisons, All comparisons are homogeneous between hatches, except for F, females at 4 and 8 weeks (heterogeneous at 5 per cent, level) and at o weeks (heterogeneous at i per cent. 'evel).
M effect of substituting a C for an I maternal environment. m = effect of substituting an Ix C for a Cx I maternal environment. X effect of substituting a C for an I X-chromosome.
r= effect of substituting a C for an I Y-chromosome.
* Based on one hatch only. t Based on mean weight of all eggs laid during the total hatching period. and the results, are shown in table 5. It is clear that there is a reciprocal difference in F1 males, and that. the original small sample in population (ia) was misleading in this respect. The difference in males is smaller than that in females; not significantly smaller in absolute terms, but significantly smaller if taken as a percentage of the mean weight of C x I. The results of a direct solution of the equations at the top of table 5 for M, X, m and T (involving only the assumption that the effects are additive on a percentage scale) are shown on the left of table 7; it will be seen that X is negative, whereas both m and I are small and quite insignificant. If we assume that m and I are both zero, we may obtain two independent estimates of X; these are shown on the right of table 7. The two estimates are in excellent agreement, and show that X has a value of about -3 per cent., i.e. the smaller I line has the "larger" X-chromosome. Thus about one-third of the difference between reciprocal F1 females is due to this "negative" sex-linkage, and two-thirds to a maternal effect. On a percentage basis, the difference between the W-cross males increases slowly but steadily with age, suggesting that the X effects act as a difference in specific growth rate. In the F1s, on the other hand, particularly in the females, the difference, as a percentage, is higher at 4 and 8 weeks than either before or after. The figures for the earlier ages for F1 females may, however, be misleading, since there is significant heterogeneity between hatches in the F1 females at 0, 4 and 8 weeks, due to an unusually large difference in one hatch. If this exceptional hatch is omitted the percentage difference remains more nearly constant with age. In population (Ia) the difference between F1 females varies (irregularly and insignificantly) only between 71 and io6 per cent. in the period from i to 20 weeks. The effect M thus appears, in contrast to X, to be something already developed in the embryo, which is maintained proportionately more or less constant, but possibly with some diminution, during postnatal growth.
The tarsometatarsi of population (i) had been kept with the intention of obtaining a more reliable measure of adult size than is afforded by body weight, but when they were measured it became clear (table i) that the lighter Cxl females were equal in tarsometatarsal length to I x C females, and slightly, but significantly, exceeded them in tarsometatarsal width.* The reciprocal F1s thus differ in conformation, as well as in general size, the I x C females being relatively plumper. Population (5) was bred partly in order to throw more light on this phenomenon. This population includes, besides reciprocal F1s, reciprocal F2s ((I x C) x (I x C) and (C xl) x (Cxl)), which serve the same purpose, and estimate the same effects, as the W-crosses in population (); the male parents in either case serve merely as the source of a control set of chromosomes, and the reciprocal F1 males should be genetically identical.
The results from population () are shown in tables 6 and 7. The results for 20-week body weight are in good agreement with those from population (4), but there is a discrepancy between the shank length results and those for tarsometatarsal length in population (i). The new data show a small but highly significant (P<o.i per cent.) difference in shank length between F1 females. (The discrepancy might be due to the character measured not being exactly the same in the two populations, although this seems rather unlikely.) However, the important point is that this difference is proportionately smaller * The significant interaction for tarsometatarsal width in table i is entirely due to a more extreme pattern of hatch differences in I than in the other three types. When the F1s alone are compared, the weighted mean difference, Ix C-C X I, IS -0075 + 0023 mm., and the interaction is insignificant (mean square ratio = 075). 
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than that between F1 males; a zero difference in F1 females could arise only by chance, through opposing effects cancelling each other exactly. The estimates of m and T for shank length are again not significant (although that for m is rather suspiciously large), but of the two estimates of X obtained by setting m and I equal to zero, one is significantly positive, while the other is practically zero. The evidence for a positive value of X for shank length is not conclusive, but it is strengthened by the findings on tarsometatarsal length in To measure the effects on body proportions, as distinct from general size, we may consider a third character, an index of plumpness, and regard either body weight or shank length as a secondary character, completely determined by the other two. Over the greater part of post-natal growth, shank length increases approximately as the 25th power of body weight (Lerner, i'; Cock, 1963) . Our index of plumpness may therefore take one of two forms, either of which is legitimate-a geometric form: (body weight) /(shank length) ', or an allometric form: (body weight)/(shank length) 25 The results for the allometric index are given in tables 6 and 7 (those for the geometric index are very similar). The results are quite clear; M, m and I are all insignificant, while X is highly significant, with the two estimates of X in good agreement. Thus M is primarily an effect on general size, while X affects plumpness.
There is also clear evidence of hatch effects on plumpness. The hatch means for population (i) and for the F1s of population (5) do not parallel each other; nor do those for tarsometatarsal length and width. It is of interest that in population (5) the hatch means for shank length in males and females follow practically parallel trends, whereas the means for body weight do not. This suggests that the hatch effects on shank length were determined before the sexes were separated (8 weeks after hatching) and perhaps even during embryonic development, or if determined at a later age, then by factors (e.g. climatic changes) common to all birds hatched on a given date. The hatch effects on body weight, on the other hand, seem to be of a more short-term nature, and to be determined more by very local environmental conditions. In order to check that the 2 o-week measurement of shank length represented the final mature shank length, the shanks of all the F1 females in population () were measured again at a later date. In order to eliminate the possibility of " occasion effects" (i.e. a consistent tendency to compress the calipers more firmly against the shank on one day than on another) these second measurements were made all on the same d y, at a time when the different hatches ranged between 29 and 37 weeks of age. The second measurement does show a significant, but very slight, increase in mean shank length of 0o58 cm.; although the increment is not equal in the different hatches (presumably because of such "occasion effects ") this effect is very small, and it remains true that hatch differences in shank length do not parallel those in body weight. Most of the males were no longer available when the second measurement was taken, but the few that were measured indicate a situation similar to that found in the females. The weighted mean difference in shank length between C x I and I x C females on the basis of the second measurement is 0126+o023 cm., which does not differ significantly from the value for the first measurement.
One other incidental finding is that I x C and C >< I females differ in the hmoglobin content of their blood. Some of the birds from population (i) were used in another experiment in which parental or non-parental blood was injected into F1 females (Cock and Simonsen, 1958) . The hmoglobin level in the injected birds did not differ significantly from that in uninjected controls, but all groups contained balanced numbers of I x C and C >< I females, and the difference in mean hmoglobin content (9.15 g. per cent, in Ix C and 8'41 in C x I) is significant at the 2 per cent. level. (A few birds were found at autopsy to have tumours of the liver; these had abnormally low hmoglobin values, and have been omitted from the above comparison.) Jaffe (i 960) found a significant difference in hmog1obin content between the parental lines g. per cent. in I and 72 in C; F1s not measured), which suggests that the reciprocal difference is due to X-chromosomal sex-linkage. Jaffe also found that the lower hmoglobin content of C blood was due, in the main, to a reduced number of erythrocytes; no figures for the size or number of erythrocytes in F1s are available.
DISCUSSION
The most interesting question arising from these results is the mechanism of the maternal effect. The small and insignificant values obtained for m indicate that it is not a case of cytoplasmic inheritance in the strict sense, transmitted indefinitely through succeeding generations, but depends rather on the nutritional environment provided for the embryo in the egg. It seems unlikely that the effect operates solely through the limitations imposed on the size of the embryo at hatching by the different egg sizes of the two lines. The work of Kosin, Abplanalp, Gutierrez and Ringrose (1952) , and, by analogy, that of Walton and Hammond (1938) with mammals, suggests that the maternal effect due to the size of the egg should largely be compensated for in the first few weeks after hatching. The effect observed here is large in relation to the known difference in egg size and remains nearly constant, as a percentage, with age. A qualitative difference in the nature of the environment afforded by the egg seems a more likely source of the maternal effect. Krzanowska (1959) has found evidence of maternally determined reciprocal differences in early embryonic growth rate, at an age far too early for the embryo to be affected by the mere size of the egg. Brumby, too (1960) found evidence that maternal effects on weight in mice operated in a qualitative manner, rather than directly through maternal size. His unselected line of mice provided a maternal environment which was superior, not only to that provided by his small line, but also to that provided by his large line.
SUMMARY
Reciprocal crosses (F1, F2 and 3-way crosses) between two inbred lines of White Leghorn, I and C, show the existence of both sexlinked and maternal effects on adult size. The smaller I line has the " larger " X-chromosome, which is responsible for an increase of about 3 per cent, in body weight as compared with the X-chromosome of the C line. The maternal effect of C, as compared with that of I, produces an increase of about 6 per cent, in body weight. The maternal effect is primarily on general size, whereas the sex-linked effect alters conformation (the relation of shank length to body weight).
No evidence was found of the transmission of maternal effects beyond the F1 generation, or of Y-chromosome effects. It is unlikely that the maternal effect operates solely through egg size.
